A post-annealing method employing excimer laser pulses is proposed to improve the transfer characteristics and the breakdown voltage of unpassivated AlGaN/GaN heterostructure field-effect transistors (HFETs) for switching devices. XeCl excimer laser pulses with a wavelength of 308 nm anneal the unpassivated AlGaN/GaN HFET after Schottky gate metallization. The interface defects between the Schottky gate metal and the GaN layer are decreased by the lateral heat diffusion of the laser pulses. The temperature of the device during the laser pulse is analysed by the one-dimensional heat diffusion equation. Our experimental results show that the drain current and the maximum transconductance of the AlGaN/GaN HFET after 10 laser pulses are 496 and 134 mS mm −1 , while a virgin device shows 434 and 113 mS mm −1 , respectively. The measured leakage current of the AlGaN/GaN HFET at V G = −6 V is decreased from 1.95 to 1.53 mA mm −1 after 600 laser pulses. The breakdown voltage of the AlGaN/GaN HFET is increased due to the decreased leakage current.
Introduction
The wide band gap semiconductor GaN may be promising for microwave applications and high power/temperature applications due to a high breakdown field (>3 MV cm −1 ) and low intrinsic carrier generation [1] [2] [3] [4] . Various AlGaN/GaN heterostructure field-effect transistors (HFETs) have been reported for high voltage switching devices due to a high sheet carrier density (10 13 cm −2 ) and a high electron mobility (1500 cm 2 V −1 s −1 ) [5, 6] . The decreasing power loss of the AlGaN/GaN HFET is a critical factor for practical applications and that is determined by the on-state voltage drop and the leakage current. The conventional thermal annealing technique is currently studied to decrease the power loss of the AlGaN/GaN HFETs [7] [8] [9] [10] . The drain current of the thermally annealed AlGaN/GaN HFETs can be increased, but can also be decreased depending on the annealing conditions [8, 9] . When the AlGaN/GaN HFET is stressed more than the optimized condition, the vertical diffusion of the Schottky gate metal into the GaN layer affects the strain and surface states of the AlGaN. That can decrease the polarization induced charges and degrade the forward characteristics of the device [10] .
In this study we propose a post-annealing method employing XeCl excimer laser pulses to suppress the leakage current and increase the drain current along with the breakdown voltage of the AlGaN/GaN HFETs. The Schottky gate metal of the AlGaN/GaN HFET during the laser pulses does not diffuse into the GaN layer due to the very short laser pulse duration (30 ns) and the Schottky gate metal reflection of the laser beam. During the excimer laser pulses, the unintentionally doped (UID) GaN layer absorbs the laser's energy and the generated heat anneals the interface defects between the Schottky gate metal and the GaN layer. The temperature rise of the device during the laser pulses is analysed by the heat diffusion equation. The AlGaN/GaN HFETs were successfully fabricated and measured before and after laser pulse annealing.
Device structure and fabrication
The AlGaN/GaN heterostructure was grown on a C-plane sapphire substrate by metal-organic chemical vapour deposition (MOCVD). The epitaxial layer structure consisted of a 3 µm UID GaN layer grown on an AlN nucleation layer, a 22 nm doped Al 0.3 Ga 0.7 N (2 × 10 18 cm −3 ) and a 3 nm doped GaN cap layer (5 × 10 18 cm −3 ). A 300 nm mesa was formed by the inductively coupled plasma reactive ion etch to isolate the device. Source and drain ohmic contacts were formed with Ti/Al/Ni/Au (20/80/20/100 nm) by annealing at 850
• C for 30 s. The Schottky gate was formed with Ni/Au (10/300 nm) by the lift-off process. The devices were not passivated. Hall measurements showed that the sheet electron concentration and the electron mobility were 9 × 10 12 cm −2 and 1500 cm 2 V −1 s −1 at room temperature. The distance between the gate and the drain (L GD ) and the distance between the gate and the source (L GS ) were 3 µm and 3 µm, respectively.
The XeCl excimer laser pulses with the wavelength of 308 nm annealed the AlGaN/GaN HFETs after the Schottky gate metallization. The spot size of a uniform laser beam was 5.5 mm × 5.5 mm and the duration of a laser pulse was 30 ns. The laser pulse intensity was varied in the range of 50 ∼ 250 mJ cm −2 . Pulses ranging from 1 pulse to 600 pulses of the excimer laser, annealed the AlGaN/GaN HFETs.
Annealing mechanism and temperature analysis
When the AlGaN/GaN HFET is biased under a reverse gatedrain condition, a gate breakdown at the drain-side edge of the AlGaN/GaN HFET occurs due to tunnelling and avalanche breakdown [11, 12] . The interface states between the Schottky gate and the GaN layer are critical due to the defect assisted tunnelling mechanism. The schematic of the proposed laser pulse annealing method is shown in figure 1 .
The GaN layer can absorb the laser energy because the energy band gap of the GaN (3.4 eV) is smaller than the excimer laser photon energy with the wavelength of 308 nm (4.025 eV). The absorption coefficient (α) of the GaN was 1.3 × 10 5 cm −1 with the employed excimer laser [13] . The 3 nm GaN cap layer did not absorb the laser energy because the GaN cap thickness is smaller than the laser absorption length, 1/α. However, the 3 µm UID GaN layer absorbed it. The energy gap of Al 0.3 Ga 0.7 N is about 4.18 eV [14, 15] , and the Al 0.3 Ga 0.7 N layer absorbed laser energy less than the GaN layer. When the laser pulsed on the AlGaN/GaN HFET, the temperature of the UID GaN layer increased abruptly. The generated heat diffused over the region under the Schottky gate and that annealed the interface defects between the Schottky gate and the GaN layer.
When the laser pulse intensity is constant during the pulse duration, the temperature profile during excimer laser pulse is evaluated by the one-dimensional heat diffusion equation [16] [17] [18] .
where I (z, t) = I 0 (t)(1 − R)e −αz is the laser pulse intensity at depth z and time t.T, α, ρ, C p , k and R are the temperature, the absorption coefficient at 308 nm, the density, the specific heat, the thermal conductivity and the reflectivity, respectively. Those material parameters of solid-state GaN at 300 K can be found in the literature [19] . Equation (1) can be simplified as equation (2) because the laser absorption length (l = 1/α = 7 × 10 −6 cm) is smaller than the heat diffusion length (l τ = √ 2Dτ = 2 × 10 −4 cm) with the excimer laser pulse [16] 
where D is the thermal diffusivity of GaN (0.469 cm 2 s −1 ). The simulated temperature profile of the AlGaN/GaN HFET as a function of depth is shown in figure 2 . It is noted that the temperature of the device decays with the depth. The temperature rise of the device during the laser pulse depends on the laser pulse intensity and the laser pulse duration time. The peak surface temperature (at z = 0) of the laser pulse intensity with 50, 100 and 250 mJ cm −2 are 986, 575 and 437 K, respectively. It is noted that the high surface temperature (986 K) of the laser pulse intensity with 250 mJ cm −2 can damage the Schottky gate (Ni/Au) of the device. The maximum temperature of the device is not increased up to the GaN decomposition temperature (1157 K) or GaN melting temperature (2757 K).
When the depth (z) is 0, the surface temperature profile as a function of time can be simplified as [16] 
The simulated surface temperature profile of the AlGaN/GaN HFET during the laser pulses is shown in figure 3 . When the pulse duration time is increased, the surface temperature is also increased. The surface temperature under the laser pulse intensity, 100 mJ cm −2 is sufficiently high to anneal the interface defects between the Schottky gate and GaN layer. The drain current and the breakdown voltage of the AlGaN/GaN HFET after laser pulses are increased. The proposed laser pulse annealing method does not diffuse the Schottky gate metal into the GaN layer due to the very short laser pulse duration (30 ns) and the 3100 Å thick Schottky gate metal reflection of the laser.
Experimental results and discussion
The AlGaN/GaN HFETs on sapphire substrate were successfully fabricated and measured before and after laser pulse annealing. The length and width of the gate, and the drain-source voltage (V DS ) were 3 µm, 50 µm and 5 V, respectively. The measured transfer characteristics of a device after 10 laser pulses are shown in figure 4 . The intensity of the laser pulses was 100 mJ cm −2 . After 10 laser pulses annealed the device, the drain current with a gate voltage of 0 V and the peak extrinsic transconductance were 496 mA mm and 134 mS mm −1 . Meanwhile, a virgin device exhibited 434 mA mm −1 and 113 mS mm −1 , respectively. The DC oncharacteristics of the device after laser pulse annealing were improved due to decreased interface defects between the Schottky gate and the GaN layer. The threshold voltage was −4.9 V and that did not shift after the annealing. The Schottky gate of the device was not damaged and 2DEG concentration in the channel was not decreased. The annealing rate of the proposed laser pulse annealing method was investigated. AlGaN/GaN HFETs with 23 samples were annealed within an identical laser pulse spot size. The measured drain current increase of the devices after various number of laser pulses is shown in figure 5 . Until the number of laser pulses reached 10, the drain current and the transconductance of the device kept increasing. The drain current was increased averagely by 7.5 and 13.6% after a single laser pulse and 10 laser pulses. After 100 and 600 laser pulses, the drain currents of the devices were rather decreased due to the overlapping temperature increase of multiple laser pulses.
The leakage current of the AlGaN/GaN HFET after multiple laser pulses was measured under V G = −6 V and V DS = 5 V. That is shown in figure 6 . The measured leakage current of a virgin device was 1.95 mA mm −1 . After 10, 100 and 600 laser pulses, the leakage current of the annealed device was decreased to 1.73, 1.64 and 1.53 mA mm −1 , respectively. When the number of laser pulses was increased, the tunnelling currents through interface defects between the Schottky gate metal and the GaN layer were decreased. The breakdown voltage of the AlGaN/GaN HFET was also increased due to the decreased leakage current. 
Conclusion
The study proposed a new post-annealing method employing excimer laser pulses in order to increase the drain current, the transconductance and the breakdown voltage of the AlGaN/GaN HFET without any diffusion of the gate metal. The laser pulses annealed the interface defects between the Schottky gate metal and the GaN layer by the lateral heat diffusion. The drain current and the peak extrinsic transconductance of the AlGaN/GaN HFET after 10 laser pulses are 496 mA mm −1 and 134 mS mm −1 while a virgin device exhibited 434 mA mm −1 and 113 mS mm −1 , respectively. The threshold voltage of the device is not shifted and the Schottky gate of the device is not damaged during the laser pulse. The leakage current of the AlGaN/HFET after 600 laser pulses is decreased from 1.95 to 1.53 mA mm −1 .
